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1. Introduction
In the last few decades, biopolymers came into the
focus of attention. Considerable research is done on
these materials, and their use in everyday practice
increases continuously as well. Various numbers are
published about their growth rate from 6 to 15% [1],
but even the smallest is larger than the growth rate
of GDP in Europe; biopolymers are obviously the
polymeric materials of the future. This significant
interest and growth rate have many reasons. A con-
siderable number of biopolymers are based on natu-
ral resources while others are biodegradable. Accord-
ingly, they answer the questions of depleting fossil
fuel resources, the problems of the accumulation of
plastic waste and offer a neutral carbon footprint,
which is becoming more and more important aspect
of environmental protection. Moreover, abundant and
renewing resources are available from natural poly-
mers, like cellulose, lignin, natural fibers, chitin, etc.
and they are usually also cheap at the same time.
Besides their advantages, biopolymers also have some
drawbacks. They are often sensitive to water and
heat, they are difficult to process with the traditional
technologies of plastic processing and the properties
of the products are usually inferior to those prepared
from commodity polymers. Biopolymers are often
768
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modified by a number of ways to overcome these
drawbacks. Blending is an obvious way to combine
the advantageous properties of various biopolymers
and compensate for their weaknesses. Many papers
have been published in the literature on the combi-
nation of PLA and wood [2–6], natural fibers [7–11]
or nanocellulose [12–15], on aliphatic polyesters and
starch [16–20], and on other combination of materi-
als [21–26].
Both PLA and starch are relatively cheap and they
are available in large quantities. However, the direct
combination of starch powder and PLA results in an
inhomogeneous material with rather poor properties
[27, 28]. Plasticized, thermoplastic starch (TPS) is
blended more often with PLA to obtain a more ho-
mogeneous material [29, 30]. However, the two com-
ponents are immiscible and dispersed structure forms
upon blending [31]. Opinions about the compatibil-
ity or interaction of the components are considerably
divided, some authors claim good compatibility [32,
33], while others complete immiscibility [34]. In a
previous study, we prepared two series of PLA/TPS
blends and determined their structure and properties
[35]. We showed that the glycerol used for the plas-
ticization of starch stays in that phase even after
blending, and by using thermodynamic considera-
tions we proved that the interaction between the two
components is rather weak. Because of weak inter-
facial adhesion, the properties of the blends are mod-
erate.
The blends were prepared by compression molding
in the study mentioned above [35]. We do not know
anything about the behavior of the blends under prac-
tical processing conditions like extrusion or injection
molding. In heterogeneous materials, various changes
may occur in the structure under such conditions as
the exfoliation of clays [36], the attrition of fibers
[37] or the segregation of the components [21]. Seg-
regation was observed in polymers filled with glass
beads [38–40], containing an elastomer impact mod-
ifier [41], block copolymers [42, 43] or small molec-
ular weight additives [44, 45]. Since PLA and TPS
form heterogeneous blends with weak interactions
between the components, structural phenomena, first
of all, segregation, may occur also in them [46, 47].
Taking into account all these considerations, the goal
of our work was to prepare specimens from PLA/
TPS blends and determine their structure and prop-
erties. Two series of blends were prepared using TPS
with different plasticizer contents. The effect of the
conditions of an industrial processing technology, in-
jection molding, on the morphology and properties of
the blends was studied in detail. The possible devel-
opment of special structures during processing was
also checked and their effect on blend properties was
determined. Specimens prepared by compression
molding earlier [35] were used as a reference in the
study, and the consequences of the results for practice
are also mentioned in the last section of the paper.
2. Experimental
2.1. Materials
The PLA used was the Ingeo 4032D grade (Mn =
88500 g/mol and Mw/Mn = 1.8) produced by Nature-
Works (Minnetonka, MN, US), which is recom-
mended for extrusion by the producer. The polymer
(<2% D isomer) has a density of 1.24 g·cm–3, while
its melt flow rate (MFR) is 3.9 g/10 min at 190 °C
and 2.16 kg load. The corn starch used for the prepa-
ration of TPS was supplied by Hungrana Ltd., Sza -
badegyháza, Hungary, and its water content was
12 wt%. Glycerol with 0.5 wt% water content was
obtained from Molar Chemicals Ltd., Halásztelek,
Hungary and it was used for the plasticization of
starch without further purification or drying. Ther-
moplastic starch samples containing 36 and 47 wt%
glycerol (TPS36 and TPS47, respectively) were pre-
pared and used in the experiments. The TPS content
of the injection-molded PLA/TPS blends was 0, 5,
10, 15, 20, 30, 40 and 50 wt%, while the composi-
tion of the compression-molded samples changed
from 0 to 100 wt% in 10 wt% steps.
2.2. Sample preparation, processing
Corn starch was dried in an oven before composite
preparation (105 °C, 24 hours). The thermoplastic
starch powder was prepared by dry-blending in a
Henschel FM/A10 (Zeppelin Systems GmbH., Fried-
richshafen, Germany) high-speed mixer at 2000 rpm.
TPS was produced by processing the dry-blend on a
Rheomex 3/4" single screw extruder (Haake Technik
GmbH, Vreden, Germany) attached to a Haake
Rheocord EU 10 V (Haake Technik GmbH, Vreden,
Germany) driving unit with the temperature profile
of 140–150–160–170°C and at 60 rpm screw speed.
For the preparation of the compression-molded plates,
PLA and the second component were homogenized
in an internal mixer (Brabender W 50 EHT, Braben-
der GmbH & Co. KG, Duisburg, Germany) at 190°C
and 50 rpm for 12 min. Before homogenization
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poly(lactic acid) was dried in a vacuum oven
(110°C, 4 hours). Subsequently, the melt was trans-
ferred to a Fontijne SRA 100 compression molding
machine (Fontijne Presses, Delft, The Netherlands)
(190°C, 5 min) to produce 1 mm thick plates for fur-
ther testing.
TPS and PLA were homogenized in a Brabender
DSK 42/7 twin-screw compounder (Brabender
GmbH & Co. KG, Duisburg, Germany) before in-
jection molding. Set temperatures were 170–175–
180–180°C and the speed of the screws was 30 rpm
during extrusion. Standard 4 mm thick ISO 179 type
tensile specimens were injection molded using a
Demag IntElect 50/330-10 type all-electric injection
molding machine (Sumitomo Demag, Tokyo, Japan)
with the temperature profile of 180–180–185–190°C,
at 20 °C mold temperature, 1500 bar injection and
650 bar holding pressure (decreasing to 0 bar in
12 s) and 50 s cooling time.
2.3. Characterization, measurements
Mechanical properties were characterized by tensile
testing using an Instron 5566 universal testing ma-
chine (Illinois Tool Works Inc, Norwood, MA, US).
The gauge length was 115 mm; tensile modulus was
determined at 0.5 mm/min, while properties meas-
ured at larger deformations at 5 mm/min cross-head
speed. Five parallel measurements were carried out
at each blend composition. Impact resistance was de-
termined on notched Charpy type specimens (ISO
179) at 2 mm notch depth using a Ceast Resil 5.5
equipment (Illinois Tool Works Inc, Norwood, MA,
USA) both in normal as well as in instrumented im-
pact testing. The viscosity of the components was
determined by oscillatory rheometry using an Anton
Paar Physica MCR 301 rheometer (Anton Paar
GmbH, Graz, Austria) in the plate-plate geometry
from 0.1 to 600 s–1 frequency. The gap was 1 mm,
and the temperature was maintained at 190°C. The
composition was analyzed by Fourier transform in-
frared spectroscopy (FTIR). Spectra were recorded
using a Bruker Tensor 27A (Bruker BioSpin Corpo-
ration, Billerica, MA, US) apparatus with a Bruker
Platinum ATR probe (Bruker BioSpin Corporation,
Billerica, MA, US). Spectra were recorded from
4000 to 400 cm–1 at 2 cm–1 resolution with 32 scans.
Raman spectra were collected using a Horiba Jobin-
Yvon LabRAM system coupled with an external
785 nm diode laser source and an Olympus BX-40
optical microscope (Horiba Jobin Yvon GmbH,
Unterhaching, Germany). The spectrograph was set
to provide a spectral range of 350–1550 cm–1 with
2 cm–1 resolution. First, reference spectra were col-
lected from the neat PLA and TPS materials with an
objective providing a magnification of 50 using the
acquisition time of 40 s and averaging 3 measured
spectra at each point. Subsequently, Raman spectra
were collected along the cross-section of the blends
to create line maps and to determine the thickness of
the PLA skin layer of the samples. All spectra were
baseline corrected and normalized before multivari-
ate evaluation in order to eliminate the intensity de-
viation among the measured points. The spectral
concentration of the components was determined
point by point by classical least squares (CLS) mod-
eling using the reference spectra collected from neat
PLA and TPS; i.e. each Raman spectrum of the blends
taken from any location was assumed a linear com-
bination of the two reference spectra. The structure
of the blends was studied by scanning electron mi-
croscopy (SEM) using a Jeol JSM 6380 LA appara-
tus (Jeol USA Inc., Peabody, MA, US). Samples were
broken at liquid nitrogen temperature and then a
smooth surface was created by cutting the sample
with a microtome. Surfaces were etched with 1 mol
HCl to remove TPS particles. Water absorption was
determined at 23 °C and 52% relative humidity by
the measurement of the weight increase of the spec-
imens. The desired relative humidity was achieved
with a saturated solution of Mg(NO3)2.
3. Results and discussion
The results are presented in several sections. The bulk
properties of the blends and the evolution of their
structure as a function of composition are discussed
in the first two followed by the presentation of the
segregation of the components and the considerations
about the reasons for this phenomenon in the subse-
quent two. Consequences for properties and practice
are discussed in the last section of the paper.
3.1. Bulk properties
The composition dependence of the properties of
PLA/TPS blends is determined by two main factors,
the large difference in the macroscopic properties of
the components and their weak interaction [35]. The
stiffness of the blends is plotted against their TPS
content in Figure 1. The effect of the first factor is
clearly seen in the figure, stiffness decreases steeply
and monotonously with increasing TPS content. The
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effect of the second factor does not appear since
stiffness is influenced only slightly by interfacial ad-
hesion [48]. Plasticization, on the other hand, influ-
ences the inherent properties of TPS, thus Young’s
modulus of the blends decreases with increasing
plasticizer content.
Properties measured at larger deformations, i.e. ten-
sile strength and elongation-at-break in this case,
show a somewhat different picture (Figure 2). Ten-
sile strength decreases continuously with increasing
TPS content, similarly to modulus, and only slight
differences can be observed in the strength of the
blends prepared with the two types of TPS materials,
TPS36 and TPS47. The reason for this small difference
is the heterogeneous structure of the blends and the
weak interaction of the components. Somewhat sur-
prisingly, the composition dependence of deformabil-
ity is different for the two series of blends; elongation-
at-break decreases continuously for the PLA/TPS36
blends but exhibits a maximum for the other series.
Obviously, the softer particles of TPS47 and its partial
solubility in the PLA matrix [35] results in the increase
of deformability at intermediate TPS contents.
The dissimilar deformability of the two series of
blends results in different impact resistance as well.
As Figure 3 shows, the impact strength of the PLA/
TPS36 blends decreases continuously with increas-
ing TPS content, while that of the PLA/TPS47 blends
increases slightly above a certain TPS content, above
20 vol%. This increase is caused by the same factors
mentioned above, and it could be regarded benefi-
cial, apart from the fact that the absolute values of
impact resistance are rather small; they do not ex-
ceed 3 kJ/m2 that is not sufficient for several practi-
cal applications. We can conclude from these results
that the bulk properties of the studied blends are gov-
erned by component properties, structure and the
weak interaction of the components.
3.2. Structure
The heterogeneous structure of the blends has been
mentioned several times in the previous section, but
no evidence was supplied to support the statements.
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Figure 1. Young’s modulus of PLA/TPS blends plotted as a
function of starch (TPS) content. Effect of the de-
gree of plasticization.
Symbols: (○) TPS36, (□) TPS47.
Figure 2. Effect of TPS content and the extent of plasticiza-
tion on the ultimate tensile properties of PLA/TPS
blends.
Symbols: (○, ●) TPS36, (□, ■) TPS47,
empty symbols: tensile strength,
full symbols: elongation-at-break.
Figure 3. Dependence of the notched Charpy impact strength
of PLA/TPS blends on composition.
Symbols: (○) TPS36, (□) TPS47.
However, previous research showed the incompati-
bility of the components and the development of
weak interactions; thus the assumption of the forma-
tion of a heterogeneous structure seemed to be ob-
vious. The SEM micrographs presented in Figure 4
confirm this assumption quite strongly. Voids left by
dispersed TPS particles after etching are visible on
the SEM micrographs shown in Figure 4a recorded
on the cut surface of a specimen containing 10 wt%
of the TPS47 starch. The size of the particles is rather
large, in the range of 5–10 µm, which justifies the
strong decrease of tensile strength with increasing
TPS content (see Figure 2). The size of the particles
increases somewhat with increasing TPS content as
expected (Figure 4b), and some of them touch each
other forming larger aggregates. The coalescence of
the particles depends on their interaction with the
matrix polymer and on their viscosity. The first fac-
tor facilitates, while the second hinders coalescence
and the viscosity of TPS is rather large.
Structure develops further with increasing TPS con-
tent. The size of the particles increases even more and
they start to form an interpenetrating network (IPN)
like structure (Figure 4c). The formation of such a
structure cannot be confirmed based on the presented
and similar micrographs but must occur at some com-
position, since TPS becomes the continuous phase
at large TPS content [35]. However, the composition
range of the IPN structure is very narrow because of
the weak interaction and poor compatibility of the
components. We must also conclude that the maxi-
mum in deformability in Figure 2 is not the result of
the formation of an IPN structure or phase inversion
since this later occurs at larger concentration.
3.3. Segregation, skin formation
The micrographs presented in Figure 4 taken from
compression-molded plates offered a rather uniform
picture about the structure of the blends. Apart from
the association of dispersed TPS particles and a hint
about the formation of an IPN structure, no other
structural phenomenon can be observed on them.
Micrographs recorded on injection molded speci-
mens offer a somewhat different picture as shown
by Figure 5. First of all, dispersed TPS particles are
elongated, they are oriented parallel to the wall of
the mold. The micrographs also include the surface
of the specimen and indicate the formation of a layer
with a different composition from that of the core.
The two micrographs presented in Figure 5 were
recorded at different magnifications and both show
convincingly the development of a skin layer. More-
over, Figure 5a indicates that the skin surrounds the
entire specimen. The micrographs taken from the
compression molded parts (Figure 4) indicate the ho-
mogeneous distribution of TPS within the specimen,
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Figure 4. SEM micrographs recorded on PLA/TPS47 blends.
Effect of starch content. Compression-molded
specimens. TPS content: a) 10 wt%, b) 30 wt%,
c) 50 wt%.
and the development of a skin layer cannot be sus-
pected at all, at least based on those micrographs.
However, closer scrutiny and investigation showed
that a skin layer forms also around the compression
molded plates, only its thickness is somewhat small-
er than in the case of injection-molded specimens.
The thickness of the skin formed is around 18 µm in
injection and approximately 4.5 µm in compression
molding.
FTIR spectra were recorded on the skin and the core
in order to identify the main components and to de-
termine their composition. The spectra are presented
in Figure 6, together with that of the neat PLA and
TPS as reference. The comparison of the spectra
clearly shows that the core does not contain PLA
practically at all, while the skin contains mainly PLA
with a small amount of dispersed TPS. The presence
of TPS is proved by the peak appearing at 1020 cm–1
and the broad peak around 3300 cm–1 both assigned
to the –OH groups of starch and glycerol. The almost
complete lack or a very small amount of PLA in the
core is quite surprising since the micrographs in Fig-
ure 5 clearly show the continuous PLA phase, which
contains dispersed TPS particles. The extinction co-
efficient of the ester group appearing at 1745 cm–1
is rather large, thus even small amounts can be de-
tected with infrared spectroscopy. However, the band
of the ester group is extremely small showing the ab-
sence or very small concentration of PLA in the core.
The only explanation we can find is that the tech-
nique used, i.e. attenuated total reflection spec-
troscopy, scans only a smaller area [49] in which the
TPS component dominates.
Raman spectroscopy was also used in order to fur-
ther explore the phenomenon of skin formation and
characterize the composition of the layer. The spec-
tra were taken along a line from the surface towards
the core. The composition of the core and the skin is
presented in Figure 7 as a function of position meas-
ured from the surface. The results confirm previous
observations and indicate that the skin consists main-
ly of PLA, while the amount of TPS is larger in the
core. The exact concentration of the two structural
formations is difficult to determine because of the
limitations of the measurement techniques used, as
mentioned above. The explanation for the segregation
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Figure 5. Structure of injection-molded PLA/TPS47 specimens. The orientation of TPS droplets and the development of a
skin layer. TPS content is 50 wt%. Magnification: a) 400×, b) 1600×.
Figure 6. FTIR spectra recorded on the skin and core of in-
jection-molded PLA/TPS47 specimens containing
50 wt% starch. The spectra of neat PLA and TPS
are included as a reference. The spectra were
recorded in the ATR mode.
of the components and the formation of the skin and
core structure needs further considerations.
3.4. Considerations, discussion
Segregation in polymeric materials containing more
than one component has been observed many times.
The typical phenomenon is the plate out of additives
during processing or the separation of two polymers
during the cleaning of an injection molding machine.
Segregation has been observed in two directions, to-
wards the center of the flow or towards the edge of
the part. Segregation towards the center was observed,
for example, by Szalánczi and Kubát [50], who injec-
tion molded polymers containing large glass beads to
study the composition along the flow path and across
it. They observed the accumulation of the beads to-
ward the end of the part. Similarly, Karger-Kocsis and
Kiss [51] observed increased elastomer content in the
center of injection-molded specimens and concluded
that the large difference in the viscosity of the com-
ponents results in larger extent of segregation. The mi-
gration of larger molecular weight components to-
wards the center was explained with an entropic
driving force, with the larger orientation of longer
molecules close to the wall of the mold [52, 53].
Migration towards the edge also occurs quite fre-
quently. The segregation of small molecular weight
components [54], additives [55, 56], block copoly-
mers [51] and immiscible polymers [57] was also
observed many times. Rezaei Kolahchi [58] used the
phenomenon to modify the surface characteristics of
poly(ethylene terephthalate), to improve its wetta-
bility and printability. Numerous factors determine
the migration of one component during flow includ-
ing surface tension [59, 60], interfacial tension to-
wards the surface of the mold [51], the interaction
of the components [18], molecular weight [61], mo-
bility that is related to viscosity [62, 63] and deter-
mines the rate of migration.
The migration of a component during flow has been
studied extensively, mostly in dilute polymer solu-
tions. Dill and Zimm [64] developed the Equa-
tion (1) for the description of the rate of migration:
(1)
where v is the migration velocity in the radial direc-
tion, r is the radial position, R is the chain end dis-
tance of the polymer chain in equilibrium depending
on molecular weight, ηm is the viscosity of the ma-
trix polymer, T is the temperature, kB is Boltzman’s
constant and γ· is the shear rate. The equation consid-
ers the effect of molecular weight, the viscosity of
the matrix, and shear conditions but does not take
into account interactions and the relative viscosity
of the components although these seem to be essen-
tial factors in segregation [64, 65]. Khan et al. [66]
assumed that the inhomogeneous stress field is the
driving force, which results in migration towards
smaller stresses. They assumed strong interaction
among polymer molecules and thus developed Equa-
tion (2) for the rate of migration:
(2)
where ν is the characteristic migration velocity, μ is
the viscosity of the fluid, L is the half-length of the
particle, r is the radial coordinate, and γ· is the shear
rate [66]. Although the authors assumed strong in-
teractions, it does not appear in Equation (2) and
they do not consider the possible effect of the vis-
cosity ratio of the two components.
In our case, several factors must play a role in the
segregation of the components. The interaction be-
tween the two components is weak; their miscibility
is very limited [35]. The solubility parameters of the
three components, PLA, starch and glycerol are 24.1,
26.7 and 28.9 J1/2/cm3/2, which indicates considerably
larger polarity for TPS than for PLA. In accordance
with the different polarity of the components, surface
tensions are also different, 48.7 and 60.3 mJ/m2 for
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Figure 7. The composition of PLA/TPS47 blends as a func-
tion of position measured from the surface of the
specimen. The composition was determined by
Raman spectroscopy.
PLA and TPS47, respectively, favoring the migration
of PLA towards the surface. The molecular weight of
starch is much larger than that of PLA and also their
viscosity differs considerably as shown by Figure 8,
at least at small shear rates. Because of smaller mo-
lecular weight and viscosity, the mobility of PLA mol-
ecules is larger and incompatibility, as well as smaller
surface tension, all drive the matrix polymer towards
the surface, thus forming the skin layer. Processing
conditions including different shear rates and cooling
conditions, must also contribute and result in the dif-
ferent thickness of the skin formed in the two process-
ing technologies, i.e. compression and injection mold-
ing. The formation of a skin layer and its main reasons
are established, the only remaining question is the ef-
fect of this structure on blend properties.
3.5. Consequences
In order to assess the effect of the formation of the
skin layer in PLA/TPS blends, first, the properties
of compression and injection molded specimens are
compared to each other. Although compression
molded parts also develop a skin layer, its thickness
is much smaller than for injection-molded speci-
mens. The tensile strength and deformability of the
two kinds of samples are compared to each other in
Figure 9. Processing technology, thickness (com-
pression-molded: 1 mm, injection-molded: 4 mm)
and skin layer do not have any effect on strength.
Deformability, on the other hand, is larger for the
injection-molded specimen than for the compression-
molded one. The difference evidently does not result
from the thickness of the skin, but from the orienta-
tion of the components resulting from the mold fill-
ing process (see Figure 5). We can conclude from
these, and from other results not shown, that bulk
properties are not influenced much by segregation
and skin formation much.
Starch, and TPS even more, is very sensitive to
water. They absorb a considerable amount of water,
which modifies, usually deteriorates their properties.
One of the main benefits of blending is the decrease
in water uptake. The relative weight increase, i.e.
water uptake, of compression and injection molded
blend samples are compared in Figure 10. The figure
clearly indicates and calculations proved that equi-
librium water uptake is the same for the two types
of blends, but the rate of absorption differs consid-
erably. Equilibrium water uptake is determined by
the composition of the blends, by the amount of TPS,
while the rate of absorption is considerably influ-
enced by the presence of the skin. Water uptake was
modeled to express these relationships quantitative-
ly. The following form of Fick's law was fitted to the
experimental points to determine the overall rate of
absorption (see Equa tion (3)):
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Figure 8. Frequency dependence of the complex viscosity
of PLA and TPS47 determined by oscillatory
rheometry in the plate-plate geometry.
Figure 9. Comparison of the bulk properties of blend spec-
imens prepared by compression and injection
molding, respectively, from PLA/TPS47 blends.
Symbols: (○, ●) tensile strength,
(□, ■) elongation-at-break, 
empty symbols: compression-molded,
full symbols: injection molded.
(3)exp exp expM M at at at1 8 9
1
9 25
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where Mt and M∞ are the amount of absorbed water
at time t and at infinite time, respectively, and a is the
overall rate of absorption. The determined rates are
plotted against TPS content in Figure 11. The rate of
water uptake is much smaller for the injection molded
parts than for their compression-molded counter-
parts. The result has considerable practical conse-
quences. Slower water uptake changes the properties
of the product and modifies its lifetime. In the case
of products with a determined or limited lifetime,
this difference can be of practical relevance.
4. Conclusions
The study of PLA/TPS blend samples prepared by in-
jection molding showed that their properties cover a
wide range depending on composition. The stiffness
of the blends changed from 3.3 to around 1.0 GPa and
their strength from 54 to 22 MPa as TPS content in-
creased from 0 to 50 wt%. The blends have heteroge-
neous structures because of the weak interaction of
the components, and phase inversion cannot be ob-
served in the studied composition range. Processing
conditions do not change bulk properties, the mechan-
ical properties of compression and injection molded
parts were very similar. Weak interactions and the
large difference in the viscosity of the components
leads to segregation, to the formation of a skin layer
on the surface of the specimens. The skin consists of
mainly PLA, while the core contains a larger amount
of TPS. The thickness of the skin depends on process-
ing technology and conditions; it is about 18 µm for
the injection-molded, while 4.5 µm for the compres-
sion-molded parts at 50 wt% TPS content. The devel-
opment of the skin layer can be advantageous in some
applications because it slows down water absorption
considerably. Bulk properties must be improved for
practical applications by the modification of interac-
tions, by coupling, for example.
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